The res ul ts of a system atic sur vey of t he elut ion of hafnium and zirconium in diluted s ulfuri c acid , a nd i!1 solutio ns of h ydrochloric a nd s ulfuric a cids in water, are prese nted . The data cha racten ze t he b ehavIOr of the sulfate a mon complexes of t hese elem ents on a strong quatern ary-a mine a nion-exchange resin column. The p ossibility of sepa rating t h ese ele ments is d em onstrated .
Introduction
G . H evesy has written that [6] 1 " In view of the I.great similarity b etween h afnium and zirconium, i t ris h ardly possible to separate these two elem en ts in a lsin gle oper ation ." A simple one-step sep aration c adequ a te for analytical work has still to be developed for hafnium-ziTconium mixtures, although recen t work employin g ion exchan ge h as developed suitable m ethods for the separation of niobium from tantalum [5, 9, 10] and of molybdenum from tungs ten [2 , 9, "10] , and a promising start has even been made on separ ating th e rare ear ths [12J. I Previous work on zirconium-hafnium mi xtures has shown that fractiona tion on anion-exchan ge r esins can be ob ta in ed by elution with aqueous solution s of hydrochloric and hydrofluoric acids [7, 8] ; or by using diluted sulfuric acid, or nitric-citric acid solutions on cation-exch ange r esin-column s [1 , 11] . Prelimin ary work has shown that it is not feasible, , within convenient column parameters and elu ant acidities, to obtain a on e-step separation in a hy drochloric acid medium, in hydro chloric-hych'ofluoric acid solu tions, or in sulfuric-hydrofluoric acid solution s. Sever al differ en t hydrochloric-sulfuric acid solu-I tions appeared to providu usable separation s, but ) difficulties were en countered which appear ed to be associated with the polymeriz a tion and eventual h ydrolysis of zirconium ions. The results of experim ents with sulfuric acid solutions indicate that a satisfactory separation of hafnium from zirconium can be obtained.
. Experimental Procedures

.1. Ion-Exchange Columns
The columns used in these experiments were con- Columns suitable for continuous operation h ave previously bee n described for bo th glass [3] and plas tic [4] assemblies, and th ese ar e convenient to use if a number of analyses ar e to b e performed .
The anion-exchange resins used wer e Dowex-1, 200-to 400-mesh , h aving 8-or 10-per cen t of divinylbenzen e crosslinkages. E xperience durin g sever al years has shown tha t the m esh size of these resins m ay v ary consider ably from lo t t o lot. To select resin of suitable size, the ma terial as r eceived is air-dried , and sieved through a 270-mesh sieve . Most of the very fin e m a terial is r emoved from the fraction passing th e 270-mesh sieve, as follows : Prepare a suspension of th e r esin in dilu ted 2 hydrochloric acid (1 + 19). The coarser frac tion is allowed to se ttle for 10 to 15 minutes, and the fines r emoved by decan ta tion. R epeat the process several times, un til most of the very fin e material is r emoved from the suspension .
Load the column with r esin as follows: Cover th e bottom of t he column with a ~-to %-in. layer of acid-resistant, polyvinyl chloride plas tic " wool. " Add portions of the resin suspension so as to obtain a settled column of the r esin that is 6-to 7 -in. high. Wash the loaded column with approximately 100 ml of diluted nitric acid (1 + 9), and then perform several elution cycles by alternate additions of diluted hydrochloric acid (1 + 9) and diluted hydrochloric acid (3 + 1) to r emove the remaining fines. Finally, wash the column with diluted sulfuric acid (1 + 19 ), to convert the resin to the sulfate form. Approximately 350 to 400 ml of sulfuric acid solution will b e required, and the r emoval of the chloride can be followed by t esting portions of the eluate with silver nitrate solution. The r esin ch arge should not be allowed to b ecome dry.
.2. Elution Procedure
Dilute acid solutions which covered the range of 1 to 3 percent by volume of hydrochloric acid with sulfuric acid in the range of 1 to 3.5 percent by volume were used. Dilute sulfuric acid solutions were also used in the range of 2 to 10 percent by volume. For each combination of acids, or each concentration of sulfuric acid, elution was continued until column equilibration was obtained. Usually, 300 to 500 ml of eluant was required, and the progress of the equilibration was followed with sufficient accuracy by titration of the acid in an aliquot of the eluate.
The zirconium and hafnium solutions were prepared by dissolving the "reactor grade" metals, usually about 50 mg, in sulfuric-hydrofl uoric acid solutions. The zirconium was nearly hafnium-free, but the hafnium contained several percent of zirconium. The solution was evaporated several times to fumes of sulfuric acid, and the walls of the crucible were washed down with water between fumings. The amo unt of sulfuric acid used was so chosen as to give the same concentration in 50 ml as was present in the particular eluan t being tested. For those solutions which were to contain mixed acids, the proper amount of hydrochloric acid was added before final dilution.
After dilution to 50 ml, the solution was added to the eq uilibrated ion-exchange column. The first 25 ml of eluate was discarded, and 50-ml fractions of eluate were collected during the addition of eluant. These fractions were so adjusted as to contain approximately 15 percent of hydrochloric acid, by volume, in 200 ml, and then cooled to 5 00 . The zirconium or hafnium was precipitated with cupferron. The ignited oxide obtained from each fraction was weighed and calculated to a percentage of the total amount, and the accumulated percentages were plotted against volume of eluate.
Results
. Elution With Diluted Hydrochloric-Sulfuric Acid Solutions
The results of a series of experiments covering the range of hydrochloric-sulfuric acid concentrations of interest in the separation of hafnium-zirconium mixtures are shown in figure 1. The solution containing 2 percent by volume of sulfuric acid and 1 percent by volume of hydrochloric acid seemed to offer some promise of a separation, but the "sum of the oxides" recovered was always a little low. Figure 2 shows the results obtained and that, at approximately 2 li ters, a third fraction appeared which contained the missing fraction of the elements. The first and second curves show the behavior of mixtures of approximately 100 mg of each element, and the third curve is for approximately 25 mg oLeach element. The extra fraction was examined spectrographically and found to be very strong in both hafnium and zirconium, but the composition has not been unequivocally established, because of the possibility of cross contamination due to the sequencel of runs on the column. The procedure, as a simple separation suitable for analytical work, was aban O: doned. It might prove of interest to those concerne,l: with the polymerization and hydrolysis of zirconium' and hafnium ions in solutions of this nature.
.
Elution With Sulfuric Acid
The results of om study of the b ehavior of zir.!: conium and hafnium when eluted with solutions, containing sulfuric acid are given in figme 3, excepJ for zirconium in 2-pel'cen t sulfuric acid, which was n early, but not completely, eluted at 3 liters. The "tail" on the hafnium curves presum ably r epresents the zirconium content of the hafnium used in the exp eriments. R esin h aving 10 per cent of divinylbenzene crosslinkages and consisting of particles of up to 200-mesh size (a bout 75 J. . l), was used in obtaining the first five curves in fi gure 3. The column a nd preparation of the r esin have bee n described previously [2] . The fifth curve shows the r esults of an attempt to separate a mL'Ctme prepared from 100 mg each of hafnium and zirconium . Sp ectrographic examination of fraction 5 indicated hafnium with an undetectable amount of zirconium, a nd, of fraction 16, showed zirconium with an undetectable amount of hafnium. Thus, a good fractionation of hafnium from zirconium r esulted, but a clear-cut line of demarcation between th e h afnium and zirconium fractions was not observed. Experience [4, 9] has shown that a separation can frequently be improved by proper adjustment of column parameters . Accordi ngly, a column was prepared by usc of resin with 8 p ercent of divinylb enzene crosslinkages having a maximum particlesizing of abou t 50 J..l (passing t hrough a 270-mesh sieve). A settled b ed of resin, approximately 7.5 in. high , wa prepared, and elution was at a flow rate of about 100 ml p er hour, instead of th e 125 ml 509541-61--6 77 p er hour previousl? used. Further exp erimenLs on the elution of hafnium and zirconium in 3.5-per ce nt uHuric acid (line 6 of fi g. 3) indicated a co nsiderable "s harpe ning" of t he sep aration .
The last elution curve in . figure 3 illustrates Lhe separation of hafnium from zirconium (approximatel~T 100 mg of each). Approxim a tely 150 ml of eluate con taining neither clement was obtained between the resp ecLive eluates of t he two. A s pectrograp hic examination of fractions 7 a nd 8 indicates t hat t hese hafnium fra ctions contained 10 to 100 ppm of zirco nium. Similar examination of fraeLion 12 showed a co mposition of zirco nium containing 10 to 100 ppm of hafnium; in fraction 13 hafnium was no t identified with cer taintv. Since these small fractions close to each ot her al·e t hose most likely to ex hibit cross-con tamination , the separation is excellent and well suited to analytical applications.
A study of t he elution of other elements under these co nditions h as no t yet been madc, although a limi ted number of papers on the elu tion of sulfates now exists [10] . The precipitation procedure employing ma ndelic acid or p hosp haLe provide a reaso na bl.v s pecific step for co ncentration of zirco nium and hafnium. Work is in progress to apply t he separation to mixtures of t he clement such as exist in "nuclear grade" hafnium, a nd to other mixtures of in terest.
Th e authors arc indebted to Elizabeth K . Hubbard of the Sp ectro chemistry Section for her careful analysis of the oxide mixLures.
These analyses p ermitted tho progr ess of th e ep arations to be followed with case and cer tainty .
